Pancreatic β cell lines may offer an abundant source of cells for β-cell replacement in type I diabetes. Using regulatory elements of the bacterial tetracycline (tet) operon for conditional expression of SV40 T antigen oncoprotein in transgenic mouse β cells, we have shown that reversible immortalization is an efficient approach for regulated β-cell expansion, accompanied by enhanced cell differentiation upon growth arrest. The original system employed the tet-off approach, in which the cells proliferate in the absence of tet ligands and undergo growth arrest in their presence. The disadvantage of this system is the need for continuous treatment with the ligand in vivo for maintaining growth arrest. Here we utilized the tet-on regulatory system to generate β cell lines in which proliferation is regulated in reverse: these cells divide in the presence of tet ligands, and undergo growth arrest in their absence, as judged by [ 3 H]thymidine and BrdU incorporation assays. These cell lines were derived from insulinomas, which heritably developed in transgenic mice continuously treated with the tet derivative doxycycline (dox). The cells produce and secrete high amounts of insulin, and can restore and maintain euglycemia in syngeneic streptozotocin-induced diabetic mice in the absence of dox. Such a system is more suitable for transplantation, compared with cells regulated by the tetoff approach, because ligand treatment is limited to cell expansion in culture and is not required for longterm maintenance of growth arrest in vivo.
INTRODUCTION
cessity of developing alternative sources of β cells. Xenogeneic islet transplantation has been considered; however, it raises far greater immunological and physio-β-cell transplantation may offer the optimal treatment for type I diabetes. Replacement of the endogenous β logical difficulties, and remains controversial because of the risk of introducing new animal pathogens into the cells destroyed by autoimmunity may allow restoration of a tight regulation of blood glucose levels and prevent human population (1). The cell supply barrier to β-cell transplantation could be removed by β-cell expansion in diabetes complications. β cells are unique in their capacity not only to synthesize insulin, but also to continutissue culture. Data from rodents suggest that pure β cells can replace the function of intact islets (3). Howously adjust insulin secretion in response to a variety of signals that reflect changing physiological conditions. ever, propagation of terminally differentiated β cells in culture is difficult. Most adult islet cells are postmitotic However, β-cell transplantation is limited by the availability of allogeneic islets from cadaveric donors and and do not divide either in vivo or in tissue culture. When explanted from their tissue context they tend to their destruction by recurring autoimmunity. A recent report of allograft islet survival in type I diabetic pasenesce and die. To generate continuous rodent β cell lines, oncogenes, such as SV40 large T antigen (Tag), tients, achieved with a novel immunosuppression protocol (10), has raised new hopes for the feasibility of this have been employed to bypass senescence and reactivate the entrance into cell cycle [reviewed in (2)]. Unfortutreatment. However, the need to use islets from more than one pancreas for each transplant emphasizes the nenately, cell proliferation has often resulted in dedifferen- tiation. Rodent β cell lines generated by Tag expression MATERIALS AND METHODS maintain low levels of insulin production and secretion, Plasmid Construct and Transgenic Mice however their secretory response to glucose is abnormal, To generate the RIP7-rtTA construct, the BamHI/ and they are unstable during propagation in culture (2).
EcoRI fragment encoding rtTA was excised from In addition, these cells replicate without control and are pUHD172-neo (7) (a gift of Dr. Hermann Bujard, Unithus not suitable for transplantation.
versity of Heidelberg) and blunt-end ligated into the To overcome these drawbacks we developed an ap-RIP7 vector at the ClaI site. The RIP7 vector consists proach for reversible cell immortalization as a way to of 9.5 kb 5′ regulatory region of the rat insulin II gene, regulate both β-cell proliferation and differentiation in the first intron of the insulin gene, and a polyadenylation tissue culture and following transplantation in vivo, ussite from the I-Eα gene (8). The transgene was linearing elements of the bacterial tetracycline (tet) operon (6) ized at the NotI site in the BlueScript backbone and mito control Tag expression in transgenic mouse β cells croinjected into C57Bl/6 (B6) × CBA F 2 embryos. Two (3). The immortalized β cells were found to depend on independent founder lines with 1 (line 1) and 10 (line 2) the continuous expression of Tag for their proliferation, transgene copies, respectively, were obtained and subseand the shut off of Tag expression induced growth arquently backcrossed to B6 for at least three generations. rest. One cell line, βTC-tet, which was studied in detail Genotyping of the mice was by performed by tail DNA (4), produced high amounts of insulin and secreted it PCR analysis using the sense primer 5′-GACCAGCTAC in response to physiological glucose concentrations. The AGTCGGAAACC-3′ and antisense primer 5′-TGCA phenotype of proliferating βTC-tet cells was stable for GTGAGCCAAGATTGTGC-3′. The RIP7-rtTA mice over 60 passages in tissue culture. βTC-tet cells were were crossed with the tet-Tag transgenic mice preable to restore euglycemia in syngeneic streptozotocin viously described (3), which were generated in the (STZ)-diabetic mice (3). Treatment of the mice with tet C3HeB/FeJ (C3H) strain. The Tag gene in these mice is prevented abnormal cell expansion, and the cells reflanked by multiple repeats of tet operator sequences mained fully functional for months in the growth-arand a minimal promoter. Transmission of both transrested state in vivo. They were capable of resuming repgenes was monitored by standard PCR procedures. To lication if the tet block was removed. Insulin secretion activate Tag expression, mice in mating cages and douin vivo was shown to be regulated by hyperglycemia in ble-transgenic mice were treated with 2 mg/ml doxycyhyperglycemic clamp studies (4). Thus, these cells satcline (dox) (Sigma) in the drinking water. isfy the requirements from β cell lines in terms of insulin biosynthesis and regulated secretion, stability, and
Blood Glucose Measurements regulation of proliferation. In addition, growth arrest improved cell function, compared with that of proliferating Blood samples obtained from the tail vein were anacells. Insulin biosynthesis was stimulated at the tranlyzed using Accutrend strips (Roche). scriptional and posttranslational levels, resulting in a several-fold increase in insulin mRNA and protein conCell Culture tents (4,11). Changes in gene expression caused by cell Cells were mechanically dispersed from tumors exreplication, such as induction of hexokinase activity at cised from hypoglycemic RIP7-rtTA × tet-Tag mice and passages >60, were reversed by growth arrest (4). cultured as previously described (3), in Dulbecco's modThe major disadvantage of the tet-off system is the ified Eagle's medium containing 25 mM glucose and need for continuous treatment with the ligand in vivo supplemented with 15% horse serum, 2.5% fetal bovine for maintaining growth arrest. A regulatory tet-on sysserum, 100 U/ml penicillin, and 100 µg/ml streptomytem has been described, which operates in reverse, acticin, in the presence of 20 µg/ml dox. To induce growth vating gene expression in the presence of tet derivatives, arrest, cells were switched to culture medium in the aband inducing efficient shut off of expression in their absence of dox. sence (7). We utilized the tet-on regulatory system to generate β cell lines that divide in the presence of tet Cell Proliferation Assays ligands and undergo growth arrest in their absence. The BrdU and [ 3 H]thymidine incorporation assays were cells generated by this approach are highly differentiated performed as previously described (3). Insulin Secretion and Content transgenic mice previously described (3). The mating cages set to generate double-transgenic mice received Insulin secretion was measured by static incubation dox in their drinking water, to allow induction of Tag for 2 h in Krebs-Ringer buffer (KRB) as previously deexpression as soon as the RIP is normally activated durscribed (4). The cells were extracted in acetic acid, and ing development, around e9.5 (5). the amount of insulin in the buffer and cell extract was Double-transgenic mice manifested hypoglycemia determined by radioimmunoassay (RIA). Insulin content within 3-4 months of age as a result of developing insuwas normalized to total cellular protein.
linomas. The pancreas of hypoglycemic mice contained Cell Transplantation multiple tumors, which were excised to generate a number of β cell lines. The cell lines were continuously Cells derived from plates treated with dox were tryppropagated in the presence of dox. Double-transgenic sinized and embedded in 1% low-melting agarose (FMC mice that were not treated with dox, as well as single Bio-Products). B6 × C3H F 1 mice made hyperglycemic transgenic tet-Tag mice, remained euglycemic and did by injection with 200 µg/g streptozotocin (STZ) (Sigma) not manifest abnormal islet morphology, as judged by were transplanted IP with 5 × 10 6 cells. The mice were histological analysis of the pancreas (data not shown). treated with dox in their drinking water during the first One cell line, denoted R7T1, was characterized in deday after cells transplantation. Blood glucose levels tail. The cells underwent growth arrest within 6 days of were monitored twice a week. At the end of the experitransfer to culture in the absence of dox, as judged by ment mice were sacrificed and analyzed under a dissectBrdU incorporation (Fig. 1) we conclude that it occurred in >98% of the cells. Two independent lines of transgenic mice were generated that expressed the reverse tetracycline transactivator (rtTA) under control of 9.5 kb of rat insulin II gene (n = 4) incorporated into 3 × 10 4 cells during a 16-h pulse, and normalized to cell number by counting cells in adjacent wells.
The RIP7-rtTA mice were crossed with the tet-Tag Cell function in the R7T1 line was assessed by anarested cells secreted a smaller percent of their insulin content, compared with proliferating cells (Fig. 2) . lyzing insulin content and regulated secretion. Insulin
The R7T1 cells were assayed for their ability to corcontent of proliferating cells was 1072 ± 220 ng per 100 rect hyperglycemia and maintain long-term euglycemia ng protein (about 10 6 cells). Insulin release was stimuin syngeneic mice made diabetic by a single high dose lated about threefold in response to glucose concentraof STZ. Mice were implanted IP with proliferating cells tions in the physiological range, in the presence of and treated with dox in their drinking water during the agents that increase intracellular cAMP levels, such as first day after implantation. Within 1 day after cell im-IBMX and GLP1 (Fig. 2) . Depolarizing concentrations plantation, blood glucose levels were reduced to the norof K + were also efficient in stimulating insulin release. mal range (Fig. 4) . The mice were then shifted to drinkStimulation with the combination of IBMX and depolaring water without dox. Blood glucose levels were izing concentrations of K + triggered the largest insulin maintained in the euglycemic range until the last time release, amounting to 23.85 ± 1.81% of insulin content.
point analyzed, over 6 weeks after dox removal. No Growth arrest resulted in a gradual increase in insulin signs of tumors were detected in the peritoneal cavity in content, which was raised after 4 weeks of growth arrest mice sacrificed at the end of the experiment. Cell up to 6.3-fold of that of proliferating cells, to 6.7% of clumps recovered from the peritoneal cavity and examtotal cell protein (Fig. 3) . These amounts represent apined by phase contrast microscopy exhibited a morpholproximately two thirds of the insulin content of normal ogy indistinguishable from that of cells in continuous mouse islets. In contrast, no significant differences were culture (data not shown). observed between growing and growth-arrested cells in the stimulation of insulin secretion with various secretagogues. The absolute amount of insulin secreted by DISCUSSION growth-arrested cells was higher than that of proliferatThese results demonstrate that conditional immortaliing cells; however, because the insulin content of zation with the tet-on regulatory system can be tightly growth-arrested cells was also increased, growth-ar-
